Abstract: This study characterises the original construction materials (building stones and mortars) of a collapsed two-storey colonnaded structure in the Ismail Mandani house, located in the old city centre of Doha (Qatar). Results were drawn based on interpretation and integration of historical, in situ observations and analytical data. The mortars and stones were characterised following a multidisciplinary approach, combining macroscopic observation with petrographic microscopy, mineralogical analysis (X-ray diffraction) and elemental analysis (handheld X-ray fluorescence) of samples. Moreover, hydric properties, ultrasonic pulse velocity and colour of representative samples of the house were studied. The results revealed the use of two types of stones and three different types of gypsum mortars. The original construction materials came from nearby coastal stones. Gypsum of the most used mortar had a calcination temperature between 120 and 160 • C and its colour was produced by lumps with higher Fe content. The materials' effective porosity and water absorption were high, and their ultrasonic pulse velocity was low. These petrophysical results indicated they had low quality for construction purposes. The composition and colour of the original construction materials were quantified, which will allow the reproduction of their aesthetic characteristics and improvement of their quality in future reconstruction works.
Introduction
Historical construction materials have an important aesthetic, cultural and heritage value, and their characteristics must be conserved so that historic centres maintain their identity. The transformation of urban centres results in many historic houses losing their original use [1] . For conservation to go hand in hand with development, appropriate strategies must be defined in an interdisciplinary way [2] . It is necessary to collect data on construction materials of buildings before they disappear [3, 4] . The characterisation of construction materials is essential for archaeology, architecture and town planning. In particular, the study of their petrographic and petrophysical properties is fundamental for maintenance, restoration and reconstruction of heritage buildings to be effective [5] [6] [7] . The science of materials allows identifying the causes of built-heritage decay. It can provide the means needed to mitigate the factors that contribute to the loss of built heritage [8] [9] [10] . In addition, it allows the increasingly supplemented and eventually replaced by modern materials (cement blocks; cement-based mortars and plasters; machine-cut hardwood roof timbers). These modern materials were initially used to replicate old forms of vernacular architecture such as courtyard houses [34] , but they do not appear to be present in sampled elements of the collapsed two-storey wing of the Mandani house, suggesting that the use of cement blocks and cement-based mortars and plasters had not yet become common when it was built.
The architectural characteristics and features of the Mandani House reflect its high status and the wealth of its owners. These characteristics include the presence of a second storey, as well as incorporation of recesses and gypsum decorations both internally and externally. Historically, the vernacular houses of Doha, frequently incorporate such later additional building volumes. The courtyard houses that are occupied by the members of extended families often grew incrementally by the addition of new rooms according to changing needs of expanding families [31] . The majority of the house is constructed of construction materials typical of the pre-oil period: mud and limestone walls and flat roofs built of mangrove beams (danshal), overlaid with a layer of split bamboo, woven reed, a palm mat (manghrour) and tamped down earth [30, 31] .
During the 1970s and 1980s, Qatari government's redevelopment strategies for the older neighbourhoods of Doha, as well as practice of providing land and housing grants to its citizens, resulted in a major relocation of the Qatari families from the city centre to the growing suburban sprawl. As a result, their older courtyard houses were rented to the low-income migrant workers, often as shared accommodations [34] [35] [36] . Although the exact departure date of its original inhabitants and the arrival date of its migrant residents are unknown, eventually the Ismail Mandani house was no exception to this practice. Prior to the collapse of the two-storey colonnaded structure, male Pakistani residents inhabited the house. One of them lived in the house for the past 8 years while his son recently joined him at the time of our visit. Commonly, the migrant population inside these houses is very dynamic, and it is hard to know the exact residents throughout their history. Nevertheless, following the practice of the Qatari families, the migrant population inhabiting these houses had also made adaptations and additions to them. The motivations for these adaptations include responses to their various domestic needs as well as maintenance of the buildings. These adaptations are often made with cheap and less permanent materials that are at disposal of their low-income residents. In the case of Ismail Mandani house, cement blocks, pieces of square machine cut timbers, plywood and corrugated steel sheet were used for additional structures. Furthermore, additional layers of cement and metal scaffolding were used for the support of weathered parts of the building including the arched colonnade that later collapsed with the heavy rain after its estimated 65 years lifetime.
Materials and Methods
The petrographic characterisation carried out combined naked-eye and binocular magnifier observations with the study of thin sections under polarised light microscopy. The mineralogical characterisation was carried out with X-ray diffraction. Elemental analysis was carried out with handheld X-ray fluorescence and the petrophysical characterisation with measurements of ultrasonic pulse velocity, colour and hydric properties. These analyses were carried out on two stones and three mortars selected from the collapsed two-storey colonnaded structure of the Ismael Mandani house, that is, areas that preserved the original materials from the 1952/3 modification. Materials that do not belong to the original construction were left out.
Construction Materials
A visual inspection was made of the vernacular construction materials of the house. Two types of stone were identified: S1, the stone most used in the house, a whitish stone forming part of the masonry of the walls and columns; and S2, a brown flat stone located on the upper perimeter of the first floor and in the thin non-load-bearing walls, covering architectural openings. Three types of traditional mortars were sampled: M1, the masonry mortar most used in the house. It cemented the whitish stones (S1), inside the walls and columns, light brown; M2, the mortar that cemented the flat stones (S2), light grey; and CM, the coating mortar (plaster), surface finishing of the walls and columns, white.
The wall, columns and masonry stones dimensions could be measured directly due to the collapse of part of the house (Figure 1 ). The thickness of the wall and diameter of the columns was obtained by calculating the average of ten measurements. The dimensions of the original building stones were obtained by calculating the average of ten measurements in each of the three perpendicular directions: the largest, the smallest and the perpendicular to both.
Six cubic specimens of 5 × 5 × 5 ± 0.5 cm were cut from S1, S2, M1 and M2 for petrophysical tests. The CM had a thickness of less than 1 cm. It was mechanically detached from the M1 to which it was attached, and its thickness was measured. The final value was the average of ten values. Six rectangular cuboids of 25 × 25 × 5 ± 0.5 mm were obtained for petrophysical tests. All specimens were cut at a low speed (120 rpm) and low strain.
Petrographic Microscopy (PM)
Three thin sections of each construction material (S1, S2, M1, M2 and CM) were made and observed under a polarisation microscope Leica DM4500 P (Leica microsystems GmbH, Wetzlar, Germany) with intelligent light and contrast management equipped with a digital FireWire Camera Leica DFC290 HD (Leica, Solms, Germany) that worked with the Leica application suite software LAS 4.9 (Leica microsystems GmbH, Wetzlar, Germany).
X-Ray Diffraction (RXD)
A fragment of each construction material (S1, S2, M1, M2 and CM) was pulverised in an agate mortar to an approximate size of 50 µm to conduct powder X-ray diffraction tests (XRD). This technique has determined the principal mineralogical composition. For the XRD analysis a MiniFlex benchtop X-ray diffractometer (Rigaku, Tokio, Japan) operated at 40 KV and 30 mA was used with a copper anode tube and a graphite monochromator.
The powdered samples were analysed with Cuα radiation. The measurements were performed in a range between 2 and 68 degrees with an interval of 0.02 and 2/min in continuous mode, and they were processed with Miniflex Guiadance and PDXL 2 Rigaku Diffraction software (Version 2, Rigaku Corporation, The Woodlands, TX, USA).
Effective Porosity (Pe)
S1, S2, M1, M2 and CM samples were tested for the effective porosity (Pe) parameter using the natural stone method described in European standard EN 1936 [37] . After oven-drying at 70 • C to a constant weight (variation in two consecutive weighings over 24 h < 0.1%), they were stored in a desiccator for 30 min. Afterwards they were set in a vacuum chamber at 2 kPa for 2 h. Finally, they were slowly submerged in water and subsequently stored at atmospheric pressure for 24 h to ensure full saturation. The Pe values were calculated following Equation (1):
where Wd is the weight of the dry specimens (after oven-drying at 70 • C and desiccation for 30 min). Ws is the weight of the 24 h water-saturated sample, and Wh is the weight of the sample submerged in water.
Water Absorption
The water absorption capacity of construction material was defined as the quotient between the weight of water that it has absorbed and its own dry weight. It was expressed in a percentage according to Equation (2) :
Water absorption capacity = (Ws − Wd)/Wd × 100 (%) 
Effective Porosity (Pe)
S1, S2, M1, M2 and CM samples were tested for the effective porosity (Pe) parameter using the natural stone method described in European standard EN 1936 [37] . After oven-drying at 70 °C to a 
Bulk Density (ρb)
Bulk density (ρb) was calculated according to European standard UNE-EN 1936 [37] as the ratio between specimen mass and its bulk volume, following Equation (3):
S1, S2, M1, M2 and CM samples were tested for ρb.
Ultrasonic Pulse Velocity (Vp)
Ultrasonic pulse velocity (Vp) measurements were taken with CNS Electronics PUNDIT (Lodon, UK) equipment (precision: ±0.1 µs) according to European standard EN 14579 [38] recommendations. Transducers of 1 MHz frequency with a round shape (11.82 mm in diameter) and a flat surface were affixed to the samples surface with Henkel Sichozell Kleister (a carboxymethyl cellulose) paste and water to enhance the transducer-stone contact and bond.
Vp was measured on each sample (S1, S2, M1, M2 and CM) in the three orthogonal directions, taking the mean of four consecutive measurements on each side of the cubes and cuboid as the represantive value.
Colour
A camera with Leica lens and a sensor of 12 MP and a D65 illuminant was used for the calculation of the chromatic parameters. After oven-drying at 70 • C to a constant weight, 10 colour measurements were taken in each sample (S1, S2, M1, M2 and CM), and the average for each sample were calculated. Afterwards each sample were moistened with a water sprayer and 10 measurements of the colour were taken again in the wet samples. The CIELAB system (CIELAB, 1976) colour parameters were calculated with Color Grab 3.6.1 software: luminosity (L*), chromatic coordinate from red to green (a*) and chromatic coordinate from blue to yellow (b*). Once the average of the chromatic parameters of each dry and wet construction material was determined, the colour difference between the in dry and wet state was calculated following Equation (4):
Handheld X-Ray Fluorescence
Elements of the samples were identified and analysed speedily, semi-quantitatively and non-destructively with a handheld X-ray fluorescence analyser Olympus DELTA positioned in a lab stand. The measurement of each sample was taken with a voltage of 40 kV and a current of 79 µA in the rhodium (Rh)-based X-ray tube. The measurements were taken directly on the freshly cut sample and relatively flat surfaces with a measuring time of 60 s. The samples were clean of visible dirt to eliminate possible contaminants affecting the measurement. The readings reported in this study are the mean of three measurements taken at different locations on each sample to compensate for the heterogeneity of the construction materials.
A silicon drift detector (SDD) detected the emerging X-ray fluorescence (XRF). The spectral data was processed by the XRF-spectrum evaluation software AXIL (Analysis of X-ray spectra by Iterative Least Squares) for the deconvolution of complex spectra. As no dedicated standards are available for the analysis of building stones and mortars, it has not been possible to calculate reliable concentrations.
Results

In-situ Measurements and Observations
The average thickness of the collapsed wall was 50.1 ± 0.3 cm. The columns have had an average diameter of 39.5 ± 1.3 cm. Both elements were composed of masonry stone S1, with average dimensions Minerals 2019, 9, 241 7 of 19 of 19.5 ± 8.5 × 14.1 ± 6.1 × 9.5 ± 4.2 cm, and of masonry mortar M1. The average thickness of the coating mortar (CM) was 7 ± 3 mm. (Figure 2 ). S1 is a sedimentary stone; it has a whitish colour, sand-size grains and fragments of foraminifera, gastropods and bivalves' fossils. The fossils are millimetric in size but occasionally measure a few centimetres. There are moldic pores visible to the naked eye (Figures 2 and 3 ).
S2 is a sedimentary stone, it has a brown colour, sand-size grains and fragments of gastropods and bivalves. The size of the fossils is slightly larger than in S1 samples. There are burrows that in many cases have lost their filling. Bivalves were observed on the exposed surface of these burrows. S2 has average dimensions of 34 ± 16.3 × 28.3 ± 14 × 6.6 ± 1.5 cm (Figures 2 and 3) .
M1 is the masonry mortar of S1, with a homogeneous light brown colour. Its aggregates are observable to the naked eye. They are homogeneous and without preferential orientation. They are light grey, light brown and white ( Figures 2 and 4) .
M2 is the masonry mortar of S2; its binder is light grey. Its aggregates are slightly lighter than the matrix. They are homogeneously distributed, and without preferential orientation (Figures 2 and 4) .
CM is the coating mortar of the house walls and columns. Its binder is whitish, and its aggregates have light colour tones (grey and brown), and they are distributed homogeneously, without preferential orientation. (Figures 2 and 4) . 
Petrographic Microscopy (PM)
S1 has well-sorted and rounded fine-grained ooids (average grain size of 190 ± 54 µm) with a good concentric structure. The oolites are in contact and have a micritic matrix. Spaces between oolites are not fully cemented and rarely meniscus cement is at ooid contacts. When this happens, there are calcite crystals around the pores (drusy crystals). There are bioclasts, especially fragments of bivalves and gastropods, that can reach a few millimetres in size. The oolites have abundant intergranular pores (approximately 20%) and moldic pores due to the dissolution of fossils. Moldic pores also presents perimetral drusy crystals. In some cases, fossil chambers are not filled with cement and also present perimetral drusy crystals. There are angular quartz grains (<10%) that are homogeneously dispersed with an average size of 103 ± 2 µm. This stone is classified according to [39, 40] as oomicrite and according to [41] as packstone ( Figure 5 ).
S2 has low-sorted and rounded medium-grained ooids (average grain size of 405 ± 165 µm) with a very good concentric structure and a micrite matrix. Spaces between oolites are not fully cemented and sometimes meniscus cement is at ooid contacts. That is, oolites have abundant intergranular porosity (approximately 15%) and there are bioclasts and gastropods with an average size of 520 µm on their longitudinal axis. Gastropod chambers are not always cemented and present perimetral drusy crystals. S2 has a lower amount of quartz than S1. Quartz grains in S2 have an average size of 194 µm. Burrows' walls are not cemented, and inter-oolytic porosity is lower than in S1. S2 is classified according to [39, 40] as oomicrite and according to [41] as packstone ( Figure 5 ). 
S1 has well-sorted and rounded fine-grained ooids (average grain size of 190 ± 54 μm) with a good concentric structure. The oolites are in contact and have a micritic matrix. Spaces between oolites are not fully cemented and rarely meniscus cement is at ooid contacts. When this happens, there are calcite crystals around the pores (drusy crystals). There are bioclasts, especially fragments of bivalves and gastropods, that can reach a few millimetres in size. The oolites have abundant intergranular pores (approximately 20%) and moldic pores due to the dissolution of fossils. Moldic pores also presents perimetral drusy crystals. In some cases, fossil chambers are not filled with M1 has a gypsum binder. The aggregates are composed mostly of dark lumps, browns and sub-rounded. Sub-rounded and angulated quartz grains are in very low proportion (<5%) with an average size of 230 µm, scarcely vegetal fragments of palm trees were observed (Figures 6 and 7) . M1 binder/aggregate ratio is approximately 4:1. The porosity corresponds to sub-rounded pores with no filling (Figure 6 ).
M2 has a gypsum binder. Aggregates are composed of angular quartz fragments (35%) with heterogeneous shape, dark browns and sub-rounded lumps were observed in smaller proportion than in M1. Few fragments of bivalves and oncolites were observed. M2 binder/aggregate ratio is approximately 3:1. The porosity corresponds to sub-rounded pores with no filling (Figures 2 and 4) . [39, 40] as oomicrite and according to [41] (Figures 6 and 7) . M1 binder/aggregate ratio is approximately 4:1. The porosity corresponds to sub-rounded pores with no filling (Figure 6 ).
M2 has a gypsum binder. Aggregates are composed of angular quartz fragments (35%) with heterogeneous shape, dark browns and sub-rounded lumps were observed in smaller proportion than in M1. Few fragments of bivalves and oncolites were observed. M2 binder/aggregate ratio is approximately 3:1. The porosity corresponds to sub-rounded pores with no filling (Figures 2 and 4) . CM has a gypsum binder. Aggregates are composed of sub-angular quartz fragments with an average size of 329 μm with heterogeneous shape (<10%) and dark sub-rounded lumps are representative. CM binder/aggregate ratio is approximately 4:1. The porosity corresponds to subrounded pores with no filling (Figures 2 and 4) . CM has a gypsum binder. Aggregates are composed of sub-angular quartz fragments with an average size of 329 µm with heterogeneous shape (<10%) and dark sub-rounded lumps are representative. CM binder/aggregate ratio is approximately 4:1. The porosity corresponds to sub-rounded pores with no filling (Figures 2 and 4) .
The contact between CM and M1 is straight and without porosity ( Figure 7 ). It has good adherence.
X-Ray Diffraction (XRD)
The mineralogical analysis with XRD has indicated that the mineral compositions of the two stones are very similar. The stones are composed mainly of calcite (Cal), quartz (Qz) and dolomite (Dol). S2 has also aragonite (Arg) (Figure 8 ). The abbreviations of minerals were written according to [42] . The contact between CM and M1 is straight and without porosity (Figure 7 ). It has good adherence. 
The mineralogical analysis with XRD has indicated that the mineral compositions of the two stones are very similar. The stones are composed mainly of calcite (Cal), quartz (Qz) and dolomite (Dol). S2 has also aragonite (Arg) (Figure 8 ). The abbreviations of minerals were written according to [42] . 
The mineralogical analysis with XRD has indicated that the mineral compositions of the two stones are very similar. The stones are composed mainly of calcite (Cal), quartz (Qz) and dolomite (Dol). S2 has also aragonite (Arg) (Figure 8 ). The abbreviations of minerals were written according to [42] . The mineralogical composition of the three mortars was similar. All mortars have shown gypsum, quartz, bassanite and calcite in different proportions: M1 has more gypsum, M2 more bassanite and CM more quartz. But mineralogical differences were observed, M1 has shown vaterite and M2 and CM have shown anhydrite (Figure 9 ). 
Effective Porosity (Pe), Water Absorption and Bulk Density (ρb)
The analysed masonry stones (S1 and S2) and mortars (M1, M2, and CM) have shown high effective porosity, which ranged between 20.4% for S2 and 30% for S1. Water absorption ranged between 10.4% for S2 and 21.2% for M1. Bulk density ranged between 1280 kg/m 3 for CM and 1978 kg/m 3 for S2. Table 1 shows the values obtained for Pe, water absorption and ρb of the two stones and the three mortars analysed. 
Ultrasonic Pulse Velocity (Vp)
Vp analysis is a portable technique that depends on the density, porosity, mineralogy and elastic properties of the tested material. Vp provides an accurate measure of the state of construction materials [43, 44] . The analysed samples have shown low Vp values, indicating their low quality for construction purposes. The stones have had higher Vp than the mortars. CM has shown the lowest Vp and S2 has shown the highest Vp. Table 2 shows the Vp values for the analysed materials. 
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Ultrasonic Pulse Velocity (Vp)
Vp analysis is a portable technique that depends on the density, porosity, mineralogy and elastic properties of the tested material. Vp provides an accurate measure of the state of construction materials [43, 44] . The analysed samples have shown low Vp values, indicating their low quality for construction purposes. The stones have had higher Vp than the mortars. CM has shown the lowest Vp and S2 has shown the highest Vp. Table 2 shows the Vp values for the analysed materials. Table 2 . Mean values of ultrasonic pulse velocity (Vp) in the three directions of space for the analysed construction materials.
Samples
Vp ( 
3.6. Colour Table 3 shows the chromatic parameters of the analysed stone and mortar samples. All samples have shown light colours, and when wetted they became darker. The sample that experienced the greatest change in colour was M1. L: lightness; a *: red-green value; b *: blue-yellow value; ∆E *: overall colour change.
Handheld X-Rayfluorescence
The major elements detected by the X-ray fluorescence analyser were Ca, Si, S and Fe (Table 4) . The stones have shown higher content of Ca, and the mortars have shown higher content of S. CM was the construction material with the highest content of Si and the lowest content of Ca. Fe was found in the lowest percentage in S2, and M1 was the material that had the highest percentage of Fe. 
Discussion
The measurements and observations carried out in situ have shown that Ismail Mandani house was poorly maintained and had partially collapsed. S1 and S2 were petrographically classified as oomicrites and packstones according to [38] [39] [40] [41] . Both stones have shown low compaction with high interoolitic porosity, but there were differences between them. S1 has shown smaller grain size and higher quartz content than S2. The micrite was formed in protected low-energy coastal environments and the quartz grains came from the erosion of rocks external to the sedimentation environment. The presence of burrowing bivalves in the surface of S2 has indicated that this stone comes from the tidal zone of the coast [45] . Probably the stones came from nearby areas to the house, although it has not been possible to locate the historical quarries due to the great urban growth experienced by Doha in the last decades [46] .
The textural and compositional similarity of the mortars have indicated a similar elaboration process, although aggregates of the three mortars were petrographically different both in size and shape. M1 has shown the greatest number of lumps and it has had more carbonated aggregates than siliceous ones. M1 quartz grains were scarce, small and sub-rounded, which have indicated that quartz came from the crushing of carbonated stones. M2 had the highest percentage and grain size of quartz fragments. These fragments were generally angular, which has indicated that it came from the crushing of more siliceous rocks than those used in M1. The presence of oncoliths as aggregates in M2 has suggested the use of carbonate stones; they could be of the same type or similar to the masonry stones.
CM has shown more aggregates of quartz than of carbonate, and the size of the aggregates was the most homogeneous of the three mortars, which has indicated a more exhaustive selection of the raw materials. CM was well adhered to M1.
The setting and hardening of a gypsum mortar occur by adding water and aggregates to calcined gypsum. An endothermic reaction produces the crystalline structure [47, 48] . M2 and CM diffractograms have shown anhydrite (CaSO 4 ), which means that the gypsum (CaSO 4 ·2H 2 O) was probably calcined at a temperature higher than 200 • C, necessary to eliminate the two water molecules. Anhydrite has not been detected in the XRD of M1. But bassanite (CaSO 4 ·0.5H 2 O) was detected in the M1 diffractogram. This means that probably the gypsum of M1 was calcined at temperatures of between 120 • C and 160 • C for its binder elaboration.
M1 has shown vaterite; it is a low-temperature anhydrous polymorph of calcium carbonate and metastable phase that transforms to calcite from approximately 440 • C [49, 50] . This spherulitic variety of CaCO 3 came from the crystallization of calcium carbonate solutions. Its presence could be explained due to a high concentration of SO 4 2− in the mortar paste. This sulphate could have come from the dissolution of the gypsum. When SO 4 2− : CO 3 2− ≥1, vaterite persists as a major CaCO 3 phase-component of the precipitate. That is, the high concentration of sulphate in a solution has contributed to destabilise the calcite and stabilise the vaterite in M1 [51] . In addition, the presence of vaterite could be related to microbial activity. In fact, besides being formed at low temperature by hydration of calcium silicates in the presence of CO 2 , the genesis of vaterite can be organic [52, 53] . In situ assessment of the Ismail Mandani house and its construction materials properties, in addition to meteorological data indicate that determining factors of its collapse were natural, both intrinsic (petrographic and petrophysical properties) and extrinsic (weather); and anthropogenic (usage and poor maintenance).
Regarding petrophysical properties, stones and mortars showed high Pe (higher than 20%). Their ρbs were low, especially in mortars (Table 1) . These data have indicated the susceptibility of the construction materials to decay due to their high-water absorption. After studying the hydric behaviour of the construction materials, it was confirmed that textural characteristics influence the resulting values. In all the studied samples, the amount of water taken in depends mainly on the amount and shape of pores. The material with the highest porosity (M2) was the material with highest water absorption, and the material with the lowest porosity (S2) was the material with the lowest water absorption. It must be taken into account that S2 presents borings (Figures 3 and 5 ) with lengths greater than several centimetres and diameters of several millimetres. In general, these large borings have not been considered as pores, because they do not have water-retention capacity. The measured Vps have indicated a low quality of the construction materials (Table 2) . Even if the results of Vp and ρb measurements of CM are compared with those of ancient gypsum-based plasters designed for a building's interior [54] , CM has shown lower values.
Regarding extrinsic factors, probably the high rainfalls in Qatar in October 2018 (64.7 mm, source: Civil Aviation Authority of Qatar, Meteorological Department) were the factor that triggered the collapse of the house at that time. The high values of water absorption capacity shown in Table 1 endorse this possibility. In addition, crystallisation of salts and thermal changes over time caused the loss of cohesion and granular disintegration of its construction materials and weakening of the structure.
Regarding anthropogenic factors, poor maintenance of the house's roof and eaves accelerated the dissolution of the gypsum mortars, especially of CM, which was more susceptible to dissolution due to its exposure to the elements. Due to poor waterproofing, accumulated water in the pores of the stones and mortars has led to weight gain and the final collapse.
The colour survey of open-air construction materials is a difficult task due to factors such as subjective aspects of visual perception, environmental conditions and sources of lighting [55] . The measurement of chromatic parameters in dry and wet conditions has allowed to characterise better the colour of the materials and to determine their variation of colour. The colour of the mortars may be due to small impurities of lumps (dark brown). Fragments of fired soil were plentiful in M1 (Figure 6 ). X-ray fluorescence has shown that this mortar has the highest Fe content; possibly this Fe came from the clays that form the lumps. Lumps are usually porous and make the mortars more permeable to water in addition to giving a darker colour. Wetness has modified the construction materials' colours substantially (Table 3) . M1 with more content of lumps has experienced greater colour change.
Conclusions
The study of building stones and mortars originally used in the collapsed portion of the Ismail Mandani house in the city centre of Doha (Qatar) provides significant insights into the reliability of characterisation techniques in the context of a historical building. Petrography was successfully applied to the totality of the construction material samples, and the results confirmed the use of local materials. Originally, two types of masonry stones were used in the historical house. Both the main masonry stone located in walls and columns (S1), and the stone located in the upper perimeter of the first floor and in the thin, non-load-bearing walls (S2) were classified as oomicrite and packstone. Three different types of gypsum mortar were identified.
The mineralogical characterisation using XRD showed that the main constituents of the stones are calcite, dolomite and quartz. The analysed mortars were made with a gypsum binder (in the form of hemihydrate and/or anhydrite). The gypsum that constitutes the binder of the main masonry mortar (M1) was probably calcined at a temperature of between 120 • C and 160 • C. The gypsum that formed the binder of the masonry mortar (M2) and the coating mortar (CM) was probably calcined at a temperature higher than 200 • C.
The main masonry mortar (M1) was light brown in colour and showed brown lumps. XRF revealed more Fe in this mortar than in the other ones. The Fe was attributed to the lumps of clay. This type of inclusion possibly gave M1 its characteristic colour and caused the highest colour variation between dry and wet mortar.
The construction materials exhibited poor petrophysical properties. These properties, together with a precarious maintenance and atmospheric conditions have accelerated the deterioration and subsequent collapse of the house.
The stones used in the Ismail Mandani house are not suitable for current use as building stones. Given that they were covered with a coating mortar, there is no aesthetic need to use stones with similar appearance and characteristics in a possible restoration, because they would not be visible.
Any intervention for the restoration of the house must be preceded by a series of characterisation analyses of the new construction materials.
The restoration mortars should be as similar as possible to the original ones. Especially, due to its visibility, any new coating mortar (CM) should maintain similar chromatic parameters (a * = 96.9 ± 1; b *= −5 ± 0.5, and L = 4.4 ± 1), texture, and mineralogy of binders and aggregates to the original one.
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